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Abstract: Glymes present a promising new group of electrolyte 
solvents for sodium ion batteries. Not only do they have excellent 
electrolyte solvent properties but they also enable the intercalation of 
sodium into graphite as sodium-glyme complexes, a reaction which is 
not possible for sodium in conventional electrolyte solvents. However, 
little is known about the solution structure of these complexes, 
especially for sodium salts, and why glymes enable this process while 
other commonly used electrolyte solvents do not. Here, a combination 
of neutron total scattering and empirical potential structure refinement 
was used to characterize the solvent structure around the ions, for a 
NaPF6 solution in diglyme. This showed that 82% of the sodium ions 
are bound as Na+(diglyme)2 complexes, the conformation needed for 
intercalation into graphite, with the rest forming various contact ion 
pairs. The model also showed that very weak hydrogen bonding 
interactions exist between the anion and the diglyme molecules. 
Introduction 
Glymes make up an interesting group of electrolyte solvents for 
battery technologies, offering high ionic conductivity, a wide 
operating potential window and high thermal stability.[1] However 
studies have shown a link between diglyme and testicular toxicity, 
and as such it should be handled with care.[2] Additionally, glymes 
have been shown to work for a wide range of battery technologies 
including lithium,[1, 3] magnesium[4] and sodium ion batteries.[3a, 5] 
Diglyme has shown great promise in sodium ion batteries (SIB) 
with similar performance to carbonate electrolytes but with a wider 
voltage range and reduced capacity loss in the first cycle; indeed, 
inNa3V2(PO4)3 cathodes no initial loss is observed.[5b, 6] Excellent 
performance has also been reported for layered oxide cathodes.[7] 
Mixed performance for glymes has been reported for hard carbon 
anodes,[6, 8] but this could be a result of the large difference in 
surface reactivity of different hard carbon anodes.[9] Good 
performance was reported for both carbon nanofibers and 
graphite.[5, 10] In graphite anodes, diglyme allows sodium to 
intercalate into graphite as e.g. Na+(diglyme)2 complexes, 
increasing the capacity from 12-35 mAh/g in conventional 
carbonate solvents to 110 mAh/g in diglyme.[5b, 11] Longer glymes 
with the general structure CH3-O(-CH2-CH2-O)n-CH3 (Figure 1) or 
crown ethers with cyclic structure have also been shown to work 
well for graphite anodes. The linear glymes with n=1-4 have been 
shown to give good capacity in SIB with graphite anodes at room 
temperature, while longer chained and cyclic glymes become 
electrochemically active only at elevated temperatures.[3a, 5] At all 
temperatures, diglyme (n=2), shown in Figure 1, has the highest 
capacity and rate performance of the studied glymes.[5a] The 
graphite anode in combination with a layered oxide cathode has 
shown reasonable cycle stability but limited capacity at ~100 
mAh/g at 0.2C.[12] Soft carbon, thermally expanded graphite and 
oxidized graphite show similar performance to graphite, implying 
that the high degree of order in pyrolytic graphite is not necessary 
for the reversible intercalation of Na+(diglyme)2.[13]   
Several lithium, sodium and potassium salts form crystalline 
compounds with glyme molecules at room temperature, where 
the structure can be easily examined by X-ray diffraction (XRD) 
techniques.[14] This has shown three characteristic local structures 
that the cations can adopt, influenced by both the cation, anion 
and type of glyme present in the crystal. In the case of 
pentaglyme-coordinated lithium bis(trifluoromethanesulfonyl)-
imide (Li(G5)TFSI), the cation is fully coordinated by the 
pentaglyme (G5) molecule and separated from the anion forming 
a solvent separated ion pair (SSIP).[14-15] In contrast, the cation in 
Na+(G5)TFSI is coordinated by both G5 and a single oxygen from 
the TFSI anion, forming a contact ion pair (CIP).[14] CIP can be 
further categorised based on the number of coordinating atoms 
provided by the anion, with examples of monodentate binding 
(CIP-1) in Na+(G5)TFSI and bidentate binding in Li(G3)TFSI (CIP-
II).[14] If strong interactions between the cation and anion are 
present, aggregation (AGG) of the ions can occur where the anion 
is coordinating several cations.[14, 16]  
Translating this understanding to the liquid phase poses a 
significant challenge, as the level of structural detail provided by 
XRD is not achievable for a liquid. However, this understanding is 
important as the interactions in solution dictate the properties of 
the electrolyte. This is especially evident in the stability of the 
solvent as uncoordinated glyme molecules exhibit a lower 
Figure 1: Molecular structure of diglyme (n=2), with the subscripts 
m and e denoting the end groups and the chain groups, respectively. 
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oxidation potential than glyme participating in cation coordination, 
due to shift in the HOMO level.[6, 14, 17] Similar shifts are observed 
for the reduction potential, which vary from -0.07 V to -1.21 V 
depending on the bond and coordination environment.[6] This also 
affects diffusive properties of the electrolyte with aggregation 
associated with  lower ionic conductivity.[18] 
In the absence of XRD techniques, solution studies have relied 
on vibrational spectroscopy techniques, such as Raman and 
Fourier Transform Infra-Red (FTIR), combined with theoretical 
modelling. Here the local coordination is examined by the shift in 
frequency of specific vibrations associated with either the solvent 
molecule or the anion, which are highly sensitive to directly 
coordinating atoms or molecules.[19] Several broad studies of 
sodium electrolytes have showed that sodium ions generally 
exhibit fewer ion-ion interactions compared to lithium ions, 
resulting in faster kinetics.[19d, 20] 
For sodium triflate (NaOTf) in various glymes, FTIR and ab initio 
molecular dynamics (AIMD) showed that SSIP, CIP and AGG 
local structures are all present in concentrations from 0.5-2 M, 
with a higher fraction of CIPs and AGG at elevated concentration; 
similar results were shown for sodium bis(fluorosulfonyl)imide 
(NaFSI).[19c, 21] However, as shown for lithium nitrate (LiNO3) and 
LiTFSI dissolved in tetraglyme at high concentration, the different 
anion can have a large impact on the probability of forming ion 
pairs.[22] 
For sodium hexafluorophosphate (NaPF6), computational studies 
have suggested that the anion should favour formation of 
bidentate and tridentate CIPs.[19a, 19b] Raman spectroscopy has 
suggested the presence of both SSIP and CIPs with increasing 
CIPs at higher concentration.[23] The presence of CIPs for LiPF6 
in diglyme has also been reported.[24] 
Using neutron diffraction with isotope substitution, we show here 
that NaPF6 in diglyme forms mainly Na+(diglyme)2 complexes, 
with the anion separated from the cation by ~6 Å, forming SSIPs. 
Additionally, minor populations of other species are observed with 
less than ~20% of the sodium forming CIPs. The most commonly 
found Na+(diglyme)2 complex is similar to the description of the 
sodium diglyme complexes intercalated into graphite by Goktas 
et al.[5a] 
Empirical potential structure refinement 
Empirical potential structural refinement (EPSR)[25] has previously 
been applied to several liquid[22, 26] and amorphous systems[27] to 
analyse the short and medium range structure from total 
scattering neutron and X-ray data. EPSR uses a Monte Carlo 
routine to generate an initial structure based on an experimentally 
determined density, composition and a reference potential. The 
neutron or X-ray data is introduced by estimating an empirical 
potential from the difference between the calculated structure 
factor (S(Q)) based on the energy minimised structure generated 
from the Monte Carlo routine and the experimentally determined 
S(Q). The empirical potential is iteratively refined to give the final 
structure. This allows the EPSR model to go beyond the first 
coordination shell typically accessible by vibrational spectroscopy, 
similar to standard Monte Carlo simulations but refined against 
experimental data.     
Results and Discussion 
The measured neutron total scattering results for the different 
contrasts are shown in Figures 2 and S4. The EPSR[25] model was 
energy minimized using an all-atom optimized potentials for liquid 
simulations (OPLS-AA) reference potential,[28] after which the 
empirical potential was added and the final result was averaged 
from over 10,000 configurations. This showed a good agreement 
with the measured S(Q) and the pair distribution function (g(r)) for 
both the pure diglyme and the 1M NaPF6 solution.  
Based on the EPSR model, the partial pair distribution functions 
(PPDF) were estimated and selected pairs are presented in 
Figure 3. The main interactions involving Na are with O from 
diglyme forming a direct bond with length 2.16 Å (Figure 3A) and, 
less frequently, bonds with the PF6- anion as seen by the peaks 
at 2.13 and 4.3 Å in the Na-F PPDF and the peak at 3.3 Å in the 
Na-P PPDF (Figure 3B). A second coordination sphere is evident 
in the Na-F and Na-P PPDF at 6.1 and 6.9 Å, respectively (Figure 
3B), suggesting that the anion coordinates to the Na+(diglyme)2 
complex. The hexafluorophosphate ions also exhibit weak 
hydrogen bonding between the F on the anion and the H of the 
diglyme with a bond distance of 2.5 Å (Figure 3C). Almost no 
intermolecular bonding is observed between diglyme molecules 
both with and without the salt present; only very weak hydrogen 
bonding is observed at 2.8 Å (Figure 3D) slightly more 
pronounced for the He compared to the Hm. 
From the first peak in the PPDFs of the Na-O and Na-F pairs, the 
coordination number distribution was calculated (Figure 4A), 
showing that 82% of the sodium ions have no fluorine in the first 
coordination shell. Instead, the Na preferentially binds to diglymes, 
with most sodium ions having 5-6 oxygens in the first coordination 
shell (Figure 4A); no sodium was observed with 7 or more 
coordinating oxygens. The size of clusters was also examined, 
and is defined as the number of molecules and ions connected by 
a direct Na-O bond (Figure 4B), with n=1 being an isolated 
Figure 2: EPSR simulated (red) and measured (black) S(Q) (A) and the 
derived g(r) (B) of the 1M NaPF6 solution with the different deuterated 
compounds. The same results for the pure diglyme solution are shown in 
Figure S4. 
Figure 3: PPDFs extracted from the EPSR model showing the PPDF 
related to A) Na-O bonding (inset shows an expanded view of the long 
range correlations), B) ion-ion interactions, C) F-H hydrogen bonds 
between PF6- and diglyme and D) hydrogen bonding between diglyme 
molecules. Remaining PPDF are shown in Figures S5 and S6. 
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diglyme molecule or sodium ion with no O-Na bond. A large 
portion of diglyme molecules do not coordinate directly to a 
sodium ion. The larger clusters all have to contain at least one 
sodium and one diglyme with the most common of these being 
cluster sizes with n=3, indicating that the most common clusters 
are Na+(diglyme)2 complexes, consistent with the large number of 
5 and 6 coordinated sodium (Figure 4A). If the free diglyme 
molecules are removed from the population, 83% of sodium is 
bound in these complexes. A small fraction of the Na+(diglyme)2 
complexes also contain the anion as Na+(PF6-,diglyme2) as shown 
in Figure 5C. Only 4% of the sodium ions are bound as 
Na+(diglyme) complexes, most of which contain 1-2 anions 
directly binding to the sodium ion, suggesting that only a very 
small fraction are forming aggregates with >2 ions directly bound 
together. Additionally, 13% of the sodium is bound by three 
diglymes, likely representing an intermediate state in a ligand 
exchange mechanism as shown in Figure 5B. The conformational 
structure of the diglyme can be assessed by the dihedral angles 
in the diglyme (Figures 4C-D). A strong preference for a 0°/360° 
dihedral angle is observed for diglyme in the presence of Na 
(Figure 4C), indicating a stabilized synperiplanar O-C-C-O 
rotamer relative to the pure solvent (Figure 4D), similar to that 
observed for LiTFSI solvated in tetraglyme.[22] The broad 
distribution observed for pure diglyme is consistent with 
spectroscopy studies showing a broad distribution of 
conformations.[29] In highly agglomerated systems[22] no 
preference is observed as most of the molecules do not interact 
with the cation and the preference of the synperiplanar rotamer 
reflects the strong solvent-cation interaction. Combining the 
results shown in Figure 4, the Na+(diglyme)2 forms a distorted 
octahedral coordination complex with two diglymes providing 5-6 
oxygens to form direct bonds with the sodium (examples shown 
in Figure 5A). However, the intramolecular O-O distance is too 
short to form a perfect octahedral complex as observed from the 
angular distribution (Figure S7), revealing a large amount of 
disorder in the first coordination shell. The Na+(diglyme)2 complex 
does match well with the description of the Na+(diglyme)2 complex 
intercalated into graphite. However, as shown in Figure 5 the 
complex does not necessarily adopt the mer-isomer suggested 
from DFT for intercalated Na+(diglyme)2[5b] and the lack of C-C 
and O-O medium range order correlation in the PPDF (Figure S5) 
suggest a mixture of fac and mer isomers as expected from a 
liquid.  
Around 18% of the sodium does form CIP with the anion, as 
shown in Figure 5C. Here the sodium ion binds to the anion either 
in the inner coordination sphere (Figure 5D, purple site) at the bi- 
and tridentate sites of the PF6 anion, or the sodium ion can bind 
in the outer shell at the monodentate site (Figure 5D, light blue 
site).  
The Na+(diglyme)2 complexes observed here are very similar to 
those observed for LiTFSI[22] in tetraglyme and NaFSI[21] in 
triglyme, and the ion complexes which have previously been 
suggested to enable electrochemical intercalation into graphite.[3a] 
Neither LiNO3, LiTFSI[22] or NaOTf[19c] exhibited a pronounced 
second coordination shell of the anion around the cation which we 
observed in this study with NaPF6 from the second peak in the 
Na-P PPDF (Figure 2b). However, a similar peak has been 
reported for LiPF6 in propylene carbonate consistent with the 
anion coordinating to the first solvation shell of the cation; this 
coordination may be a distinct feature of this anion.[18, 30]  The high 
proportion of SSIPs may explain why the diglyme solution out-
performs most other chain length glymes as an  electrolyte 
solvent,[5a] since two diglymes contribute the exact number of 
oxygens necessary to fully solvate the sodium ion. This suggests 
that a large portion of the sodium is in the right conformation for 
intercalation at any given time. However, more extensive studies 
are required of the structure of different glyme lengths to fully 
elucidate the electrochemical intercalation behaviour.  
The CIPs formed are not exclusively bidentate or tridentate as 
expected from the low energy of these complexes,[19a, 19b] but are 
composed of a mixture of mono, bi and tridentate compounds as 
seen in figure 5D.  
Conclusion 
Using neutron diffraction with EPSR we have shown that the most 
common solvation conformation of sodium in diglyme is 
Na+(diglyme)2, forming a stable complex with ~83% of the sodium 
in this state. This state is also reported to be the most common 
state for NaFSI[21] and LiTFSI[22] salts in glymes. It also 
corresponds to the complex reported for electrochemical 
intercalation into graphite[5b] for SIB, suggesting that the solution 
structure may be paramount to which electrochemical reactions 
take place during intercalation, and could be used as a guide to 
optimize electrolyte properties. The Na+(diglyme)2 is associated 
with the anion in a distinct coordination shell at a distance of ~6 
Figure 4: A) coordination number distribution of F and O around Na based on 
the first peak shown in the PPDFs (figure 3A-B). B) Cluster analysis of Na-
diglyme clusters, showing the size of clusters bound together by direct Na-O 
bonds, the composition related to each size and the relative fractions 
disregarding the free diglyme molecules. Internal dihedral angles of the diglyme 
molecules in the presence of Na (C) and in the pure solvent (D). 
 
Figure 5: Example structures of the common solvation spheres for sodium 
of A) Na+(diglyme)2 and B) Na+(diglyme)3 and the less common C) 
Na+(PF6-, diglyme2). D) Spatial density function of sodium coordinating to 
PF6- showing the inner (purple) and outer (light blue) coordination spheres 
observed from the double peak at ~3 Å in the Na-P PPDF (Figure 3B). The 
atoms are color-coded as follows, H: White, C: Grey, O: Red, F: Green, 
Na: Purple, P: Orange.  
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Å, also observed for LiPF6[30] suggesting that this may be a 
general feature of this anion. Little to no aggregation is observed, 
consistent with the excellent ionic conductivity of this ion pair in 
solution.[18] 
Experimental Section 
Materials: bis(2-methoxyethyl) ether or diglyme (99.5%, Sigma 
Aldrich) and NaPF6 (98%, Sigma Aldrich) were used as received. 
Pure diglyme, and a 1M solution of NaPF6 in diglyme, were placed 
in standard TiZr cans for neutron diffraction. Six different contrasts 
were used for each sample d0 (fully hydrogenated), d6 (CH3- 
groups deuterated), d8 (-CH2-CH2- groups deuterated) and d14 
(fully deuterated). 1:1 ratio by volume d0:d6 and d8:d14 mixtures 
were also measured. The deuterated d6-diglymes were 
synthesised as follows: a solution of tetraethylene glycol (5.0 g, 
47.1 mmol, 1 equiv.), iodomethane-d3 (9 mL, 141 mmol, 3 equiv.), 
KOH powder (29.1 g, 518 mmol, 11 equiv.) and 
tetrabutylammonium bromide (3.04 g, 9.42 mmol, 0.2 equiv.) in 
THF (200 mL) was stirred at r.t. for 4 days under nitrogen. The 
reaction mixture was passed through a Celite bed, and the bed 
was washed with dichloromethane (50 mL). The filtrate was 
evaporated to give a pale yellow residue, which was purified by 
flash column chromatography using a solvent system of 100% 
ethyl acetate to give a colourless viscous liquid (1.35 g, 70%). The 
d8- and d14-diglymes were made using an equivalent procedure. 
Example NMR and GC spectra are shown in Figures S1-3. 
Neutron diffraction: The TiZr cans were placed in the auto sampler 
at the SANDALS[31] instrument at ISIS (Harwell, UK) and each 
sample was measured for 8 hours. Data reduction was done in 
Gudrun[32] and data analysis was performed in EPSR25.[25] EPSR 
starting conditions can be found in Tables S1-3. The density of 
the liquids was determined using an oscillating U-tube density-
meter. 
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Diglyme is a promising electrolyte for sodium ion batteries technology and have shown good performance and low SEI formation with 
carbon anodes. Using total neutron scattering the local structure of the sodium in diglyme was observed and the diglyme molecules 
was found to physically separate the sodium cation from the anion by forming a Na+(Diglyme)2- complexes suggesting that these 
complexes may be the underlying reason for their high performance 
 
 
 
